ABSTRACT: Current information regarding the effects of coral diseases on Indo-Pacific reefs lags behind that of the Caribbean. Considering that these reefs are geographically widespread, speciose, often highly influenced by human coastal populations, and inadequately monitored, developing a baseline database is a primary management issue for local scientists. In a first attempt to quantify diseases in Micronesia, Guam reefs were assessed for disease prevalence, host abundance, and community structure. Surveys of 15 reefs revealed 6 disease states affecting 8 families of reef-building corals and highly variable prevalence between sites, ranging from 0.2 to 12.6%. Guam reefs are taxonomically diverse but dominated by the genus Porites. Coral generic host abundance showed a significant and positive link with total disease prevalence. Five out of 6 of the observed disease states affected Porites spp. (mean prevalence within the genus: 6.14 ± 0.88%), and acroporids and pocilloporids also showed high susceptibility. As the coral genera currently most affected by diseases are those providing the most structure to Guam's reefs, disease has the potential to have significant longterm effects, highlighting an urgent need for proactive management.
INTRODUCTION
Infectious disease is a natural component of all communities, and virulence, transmission rate, and geographic and host range can vary both temporally and spatially, thus influencing the effect of a disease. Changes in these attributes can affect the persistence of vulnerable species and, therefore, ecosystems as a whole. In recent years, reports of diseases affecting corals have increased (Porter et al. 2001 , Green & Bruckner 2000 , Sutherland et al. 2004 , Weil 2004 , Raymundo et al. 2005 . Poor water quality from anthropogenic inputs to nearshore reefs, overfishing, and global climate change may all be implicated in these increases (Harvell et al. 1999 (Harvell et al. , 2007 , although rigorous data are lacking from many of the world's coral reef areas. Despite the lack of baseline information from many regions, existing data point to disease as a growing problem on reefs worldwide, requiring urgent management. In the Caribbean, infectious disease has been implicated in the rapid and severe decline in coral cover and drastic community changes (Hughes 1994 , Aronson & Precht 2001 , Porter et al. 2001 , Sutherland et al. 2004 .
In contrast, disease effects in the Indo-Pacific region, which is geographically more extensive and speciose, are poorly documented. This region contains a plethora of scattered, remote islands, as well as large island chains with huge coastal populations that have had devastating effects on reef health in many areas (Gomez 1988 , Hughes et al. 2003 . Until recently, it was tacitly assumed that diseases are less prevalent and severe in this region. However, recent limited evidence from the few sites where disease has been studied (Willis et al. 2004 , Raymundo et al. 2005 , Aeby 2006 suggests that it can be a major factor in coral loss in certain areas, while other areas remain relatively unaffected. With the global center of reef biodiversity located in this region, filling in this knowledge gap is of utmost importance.
Coral disease has been unexamined in the central Pacific until recently. On the island of Guam (13°28' N, 144°47' E), Cheney (1975) provided the first physical description of coral tumors affecting the genus Acropora, but virtually no progress has been made since that initial effort. With the increasing awareness of the impacts disease is having on coral reefs world-wide, quantifying the current status of diseases present on Guam reefs was considered a management priority for local scientists . In addition, Guam reefs are currently exposed to a multitude of anthropogenic effects while simultaneously serving as an important economic resource via tourism. The proposed expansion of the military presence in Guam is expected to increase the population by at least 20 000 over the next 5 yr, and managers are deeply concerned over the impacts this increase will have on nearshore ecosystems. In light of this, the aim of this study was to quantify (1) benthic composition within reef communities (2) coral disease prevalence; and (3) sources and prevalence of other signs of compromised health affecting corals on these reefs. These data have served to establish a baseline view of the status of Guam reefs for future reference, identify issues for targeted research and management efforts, and locate areas for long-term monitoring.
MATERIALS AND METHODS
To establish a baseline disease prevalence level and assess the degree of variability in prevalence between sites around Guam, sites were chosen based on a variety of factors that included Marine Protected Area (MPA) status, popularity as a tourist dive destination, reported disease outbreaks, suspected elevated nutrient and/or sediment load, and variability in coral abundance. To date, 15 reefs have been surveyed for benthic composition, coral generic richness, coral disease prevalence, bleaching, predation, and other signs of compromised health such as competitive overgrowths and physical damage (Fig. 1) . Field assessment of disease signs and compromised health states followed descriptions in Raymundo et al. (2008) . Although coral cover varied considerably between reefs, surveys were generally concentrated in areas of highest coral cover at each site, either the reef flat or nearshore reef slope, so as to maximize the size of the coral population sampled.
Sites were surveyed using three 20 × 2 m belt transects at each location, generally laid parallel to the shoreline, spaced 10 to 20 m apart. Multiple randomized rarefaction curves were plotted per site to verify that this sample area (120 m 2 ) was sufficient to quantify hard coral generic diversity within our sites. Surveyed depths ranged from 1 to 12 m, depending on the degree of slope. Each transect was read using the Line Intercept method (English et al. 1997 ) to characterize benthic composition, and all coral colonies were counted and identified to genus within the 2 m belt. Colonies on the belt margin were counted only when 50% or more of the colony lay within the belt. Assessments were made underwater using a Bausch & Lomb magnifying lens, except for rare cases when verification required sampling a small portion of the tissue and skeleton to be examined in the laboratory under a dissecting microscope. For consistency in field diagnoses between 2 observers, field assessment of disease and compromised health signs were discussed prior to initiating surveys, and photo documentation during surveys provided additional information if diagnoses were questionable.
Disease prevalence, generic abundance, and benthic composition data were tested to meet the assumptions of normality (Kolmogorov's test) and homoscedasticity (Levene's test) in DataDesk 6.0 (Velleman 1988) . For these data, a 1-way analysis of variance (ANOVA) was used to compare disease prevalence, generic abundance, and live coral cover between sites. Linear regression was used to examine a relationship between the abundance of coral host genera and disease prevalence. A step-wise multiple regression was used to test for drivers of variability in total disease prevalence between sites. Factors tested were colony abundance of the 3 most common genera (Porites, Acropora, Pocillopora), transect depth, proximity to a river mouth (as a proxy for total anthropogenic inputs), geographic position on the island (i.e. north versus south coast and east versus west coast, reflecting the position of rivers and seasonal wave and wind influences; Fig. 1 ), and mean percent live hard coral cover.
RESULTS

Coral disease
Six disease states were documented from the 15 surveyed sites (Fig. 2): (1) white syndrome, (2) ulcerative white spot disease, (3) black band disease, (4) brown band disease, (5) skeletal eroding band (SEB), and (6) growth anomalies. Coral disease was found at all sites surveyed and varied significantly between sites, ranging from a high of 12.6 ± 1.5% to a low of 0.2 ± 0.03% (1-way ANOVA: F s = 3.731, p < 0.01, df = 42; Fig. 1 ). Two sites (Ipan and Luminao reef flats) exhibited disease prevalence >10%, while 3 sites (Pago, Tupalao, and Fouha Bays) showed prevalence <1%.
Disease also affected families differentially; Porites showed both the highest abundance and total disease prevalence, while faviids and acroporids were similarly abundant, although disease prevalence was much higher among acroporids (Fig. 3) . Pocilloporids and agariciids (Pavona spp.) comprised roughly 7% and 4%, respectively, of most coral communities, but diseases affected pocilloporids more frequently than agariciids (Fig. 3) . However, overall, disease prevalence correlated strongly and positively with taxon abundance (R 2 = 0.689; p = 0.0001; Fig. 4) . Further, the combined abundance of Poritidae, Pocilloporidae, and Acroporidae explained 36% of the variation in disease prevalence between sites (R 2 adj = 0.363; acroporid abundance: p = 0.02; pocilloporid abundance: p = 0.01; poritid abundance: p = 0.12). None of the other factors we tested in our multiple regression improved the overall fit of the model. This suggests that there are other factors that we were unable to address in our baseline surveys that contributed to the variation in between-site disease prevalence.
White syndrome was the most prevalent disease (8.9% mean prevalence; range 0 to 26.3%), was found on 14 out of 15 of the reefs surveyed, and affected 8 genera from 5 families (Fig. 3) . Ulcerative white spots were found only on the genus Porites on Guam, but was the second most prevalent disease (2.8% mean prevalence; range: 0 to 17.4%) and was also found on 14 out of 15 surveyed reefs. Brown band disease affected only thicket-forming Acropora in the 2 reefs with high Acropora spp. abundance (Tumon Bay and Luminao reef; mean prevalence: 1.0%; range: 0 to 9.1%). SEB occurred primarily in diffuse patches of bare skeleton, rather than in a discrete band, and was often found as a secondary infection on white syndrome-affected patches or on predation scars. This disease was highly prevalent at only 1 site, Shark Pit, where it affected numerous Millepora colonies that were also displaying signs of white syndrome (SEB prevalence on this reef: 11.3%, representing the highest value; mean prevalence: 1.2%). Black band disease was the rarest of those recorded (0.2% mean prevalence; range 0 to 2.7%) and was limited to 3 reefs. Subsequent observations on monitored sites indicate that it is normally rare, affecting only 1 or 2 colonies of a single species per reef (L. Raymundo pers. obs). However, at Harnom (prevalence: 2.7%), black band was observed on numerous encrusting Montipora colonies. At Luminao, the disease is common on Goniopora fruticosa during the warm season (mean temperature: 30 to 32°C; February to August) and is rare to absent during the cooler months (mean temperature: 27 to 29°C; September to January; L. Raymundo unpubl. data).
Benthic community structure and sources of compromised health
Surveyed sites included lagoon areas, reef flats, patch reefs, reef crests, and fore-reefs. As Guam lies within the typhoon belt, benthic topographic relief was low at most sites, coral species assemblages did not include finely branching or foliose morphologies, and substrates were dominated by pavement with turf algae, reflecting an influence of high wave energy (Fig. 5) . The amount of live coral varied significantly by site, with Western Shoals reef crest having the highest percent cover (72.5 ± 4.0%) and the Achang MPA reef flat with the lowest (3.5 ± 0.2%; 1-way ANOVA: F s = 16.6316, p < 0.001, df = 41; Fig. 5 ). The coral communities were represented by 12 major families, dominated by Poritidae (49.8% of total live coral cover), Acroporidae (18.0%), and Faviidae (14.9%). All other families generally composed a small fraction of coral cover.
Other site-specific conditions influencing coral health included overgrowth by the coral-killing sponge Terpios sp. (Plucer-Rosario 1987), predation from crown-of-thorns sea star Acanthaster planci, gastropods (Drupella spp., Coralliophila violacea), and corallivorous fish, patchy bleaching of unknown cause, tissue loss from macroalgal competition (e.g. Sargassum, Corallophila huysmansii; Jompa & McCook 2003) , and silt abrasion and smothering. These influences varied greatly between reefs. Fouha and Ipan reefs, for example, were visibly affected by silt, as they are adjacent to river mouths. Acanthaster outbreaks were ongoing on the reefs of Double Reef and Cocos Lagoon, as shown in the larger percentages of dead standing coral (Fig. 5) , and Pago Bay and Anae Island were affected by an Acanthaster outbreak after our surveys were completed. Western Shoals, Achang, and Shark Pit were affected by seasonal blooms of the brown fleshy macroalga Padina sp. (Fig. 5) , and Terpios sp. was abundant on the dominant coral Porites rus along all of our transects at Double Reef.
DISCUSSION
At present, almost nothing is known regarding disease impacts in the Central Pacific. The present study reports baseline levels of coral disease for Guam, which is the southernmost island in the Northern Marianas island chain. Although these surveys were initiated long after Guam reefs showed signs of influences from anthropogenic activities, these data can still serve as an important point of reference for future reef work and a first look at disease effects in a poorly studied region.
Six diseases were identified on Guam, all of which have been documented from other sites within the Indo-Pacific (Willis et al. 2004 , Raymundo et al. 2005 , Aeby 2006 , Kaczmarsky 2006 . Our observations of ulcerative white spots on Guam reefs extend the documented geographic range of this disease eastward from the Philippines (Raymundo et al. 2003) . Black band and skeletal growth anomalies have both been reported globally, whereas brown band is known only to the Indo-Pacific and chiefly from the Great Barrier Reef (Willis et al. 2004) . Recently, a folliculinid ciliate similar to that causing SEB has been found in Caribbean corals (Croquer et al. 2006) , suggesting that this disease may also be circumglobal in range. White syndrome is currently hypothesized to be more than 1 disease, and at present, it is not characterized as extensively as the 'white diseases' of the Caribbean (white band types I and II, white plague, white patch; Antonius 1981, Ritchie & Smith 1998 , Patterson et al. 2002 , Rogers et al. 2005 . It is therefore not known whether any of these Caribbean white diseases may, in fact, be circumglobal in extent. Work is currently underway to characterize this potential suite of diseases. Limited Fig. 4 . Linear relationship between abundance of coral taxa, expressed as percent of total live coral cover, and mean (± SE) total disease prevalence per genus for 15 sites. Only the 7 most abundant taxa are labeled evidence suggests differences in pattern and rate of tissue loss and spread of the disease within colonies between Porites and Acropora, and investigation is also underway to establish a causative agent (P. Lozada pers. comm.) Despite the limited spatial extent of Guam's coastal reef area (108 km 2 ; Burdick 2005) and the similarity in coral assemblage species composition across sites, our surveyed reefs varied greatly in disease prevalence. When we tested various factors that we predicted might influence an overall pattern, we found a link with host abundance, i.e. the most common corals were the most affected by disease. However, host density only explained 36% of between-site variability. Other factors, such as depth, overall coral cover, and proximity to anthropogenic inputs via rivers, did not appear to explain the overall pattern. Our surveys did reveal a number of site-specific sources of stress that may be influencing disease patterns on a local basis. Fouha Bay, for instance, showed a chronic high silt load from land-based erosion carried into the bay by Fouha River. Disease prevalence was low, but mortality and tissue loss due to silt smothering was high and may have masked disease signs. Ipan reef flat, where disease prevalence was the highest, receives discharge from the Togcha River that bisects the flat. The river contains untreated sewage from a nearby housing project and thus, elevated nutrient and bacterial loads. Tumon Bay is the site of concentrated coastal development and recreational activities, and physical damage to corals and nutrient loads are higher here than at other sites. In addition, 2 sites, Harnom and Luminao, had black band disease affecting multiple colonies of a single species even with other known host species present. Outbreaks corresponding to the warm season were consistent with findings of Bruno et al. (2007) and Sato et al. (2009) . Considering the diversity of factors influencing various reefs along Guam's coastline, an attempt to determine the drivers of disease prevalence patterns on Guam would necessitate examining each of these types of impacts separately, within replicated sites and quantifying the effects they are having on both water quality and coral health.
Several studies have confirmed a link between host density and infectious disease prevalence (Lafferty 2004 , Gerber et al. 2005 , Selig et al. 2006 , Bruno et al. 2007 . Therefore, in Guam and other parts of the IndoPacific, Acropora and Porites would be predicted to be affected more heavily than other species, based on their abundance alone. Significantly, most dominant coral genera appear susceptible to multiple diseases; this reflects a broad host range of several of the diseases currently under study. Porites is both a dominant reef component and a major disease host in Guam, a pattern consistent with findings from other regions (Philippines: Raymundo et al. 2005 , Kaczmarsky 2006 Hawaii: Aeby 2006) . Acropora is the major reef builder and a dominant disease host of the Great Barrier Reef, Australia (Willis et al. 2004 , Selig et al. 2006 ). Therefore, the capacity for disease to act as a major structur- ing force in reef communities is great, but this relationship can also be used to guide management efforts and identify potential disease hotspots. Indeed, major changes in Caribbean coral communities at least partly attributable to disease-induced mortality (Aronson & Precht 1997 , Aronson 2002 , Weil 2004 ) have resulted in focused efforts to protect A. palmata and A. cervicornis, which were placed on the Critically Endangered Species List in 2006 (IUCN 2009 ).
Current levels of disease indicate that some of Guam's reefs are already at risk of community structural changes linked with chronic high disease prevalence. Initial results of long-term monitoring have shown that disease prevalence at Luminao remains high, though with seasonal fluctuations (L. Raymundo unpubl. data). Given the predicted increase in population and the accompanying development, Guam's coastal water quality is likely to be increasingly impacted, and the baseline information provided by this initial study will be useful in quantifying responses to these changes.
Limited data from 2 sites (Harnom and Luminao) suggest that black band disease displays seasonal changes in prevalence, affecting multiple colonies within a single species even when other known host species are present, and undergoing periodic outbreaks. This link with temperature has recently been verified by Bruno et al. (2007) and Sato et al. (2009) 
